Abstract Hydrographic data measured for 50 years along Line P between the North American west coast and mid Gulf of Alaska as well as data from profiling float observations were analyzed to study the formation and variation of temperature inversions in the eastern subarctic North Pacific. Remarkable decadal to inter-decadal variation was observed in the magnitude of temperature inversions. This variation was mostly attributed to the variation of southward Ekman transport, eastward geostrophic transport, and surface cooling.
Introduction
Temperature inversions (T inversions ) between subsurface temperature minima (T min ) and maxima (T max ) (see Fig. 1a ), are widely distributed over the subarctic North Pacific (SNP) (e.g., Dodimead et al. 1963; Uda 1963; Roden 1964; Favorite et al. 1976; Yasuda 2000, 2005) . Because of the presence of a strong, permanent halocline in this region, the winter mixed layer can be colder than the underlying, more saline layer, thus supporting the formation of T inversions . In early spring, the upper portion of the winter mixed layer begins to warm, leaving the bottom portion as a T min . In the next winter, subsurface T min water is again entrained by the mixed layer, and therefore can influence the sea surface temperature (SST) in the following winter (Wirts and Johnson 2005) . Meanwhile, it has been suggested that the T max at the base of the T inversion is maintained by warm and saline intermediate-water transport from the area east of Japan to the northern Gulf of Alaska (Ueno and Yasuda 2000 , 2001 . The T max can also influence (increase) the SST in the SNP through entrainment into the mixed layer and upwelling (de Boyer Montégut et al. 2007) . Given the interaction between the T inversions and the sea surface in the SNP, understanding the mechanisms involved in their formation and variation will contribute to our knowledge of heat exchange between both the surface and subsurface, and the surface and the atmosphere in the region.
In the eastern SNP (Fig. 1b) , the target area of the present study, T inversions have been found to be relatively strong in the northern and southern regions (Regions A and B in Fig. 1b, respectively) . Using Argo profiling float data for [2001] [2002] [2003] [2004] [2005] and XBT data between Alaska and Hawaii for 1993 , Ueno et al. (2007 studied seasonal and interannual variability of T inversions in the eastern SNP, and indicated that formation and variation of T inversions differed between the northern and southern regions as follows. In the northern region (north of 52°N, Region A in Fig. 1b) , the winter mixed layer became colder than the subsurface layer and formed T inversions nearly every winter, causing a seasonal cycle in both T min and the magnitude of the T inversion (DT: temperature difference between T min and T max ). Therefore, interannual variation of DT was closely related to that of winter SST. In the southern region (42°-48°N, Region B in Fig. 1b) , T inversions were formed by cold subsurface advection from the west except in 1998 and 1999, when strong T inversions were formed by cold winter mixed layer due to strong surface cooling. However, formation and variation of T inversions have not been discussed in the area around 50°N in the eastern SNP (i.e. between the northern and southern regions), where relatively large T inversions (DT [ 0.3°C) occasionally occurred, and, moreover, throughout the SNP decadal variation of T inversions has not been discussed.
Extending the analysis in Ueno et al. (2007) , here we examine the decadal variability of T inversions in the area around 50°N in the eastern SNP using temperature and salinity profiles measured for more than 50 years along Line P between the North American west coast and mid Gulf of Alaska (e.g., Freeland 2007) . Regular sampling along this line of stations from the Canadian west coast to 145°W is managed by Fisheries and Oceans Canada. Using the Line P data, Crawford et al. (2007) studied long-term variation of temperature and salinity and found that many of the temperature and salinity changes could be understood by considering changes in wind patterns and speed. Our analysis, which concentrates on vertical temperature structure, indicates that long-term variation in T inversions is mainly attributable to variation in zonal wind stress, eastward geostrophic advection, and surface cooling.
Data and methods
We used temperature and salinity profiles along Line P archived by Fisheries and Oceans Canada (http://www. pac.dfo-mpo.gc.ca/science/oceans/data-donnees/line-p/indexeng.htm). Temperature data observed by reversing thermometers and bottle-sampled salinity data (hereafter reversing-thermometer data) were used from 1956 to 1968 (actually, data before 1960 were not used due to low data coverage in space or time), and data observed by Conductivity-Temperature-Depth (CTD) profiler were used from 1968 to 2010. The reversing thermometer observes subsurface temperature by a mechanism such that, when the bulb reservoir is inverted, the mercury in the thermometer stem separates from the bulb reservoir and captures the temperature at the time of reversing (Emery and Thomson 1998) . Only offshore data between 130°and 145°W Fig. 1b) were analyzed to avoid the variability on the continental margin, which has been reported to differ from offshore variability (e.g., Crawford et al. 2007 ). In addition to Line-P data, we used temperature and salinity profiles recorded by Argo floats (Freeland et al. 2010 ) along the offshore part of Line P (48.5°-50.5°N and 130°-145°W) for [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] . Argo data were downloaded from the website of the Argo Global Data Assembly Center (http://www.argo.ucsd.edu, http://argo.jcommops.org) and quality-controlled as outlined in Oka et al. (2007) .
For each profile, we determined the potential temperature minimum (T min ) and maximum (T max ) at the top and bottom of the T inversion , as well as the potential temperature difference between T min and T max (DT), following Ueno and Yasuda (2005) and Ueno et al. ( , 2007 . T inversions with DT smaller than 0.01°C were omitted. T inversions were calculated at stations with observations at more than 20 levels between 10 and 500 dbar for the CTD and Argo profiles of Line P. For reversing-thermometer data, few profiles cleared the condition above; therefore T inversions were calculated at stations with observations at more than 10 levels between 10 and 500 dbar. It has been reported that this relatively loose criterion of 10 levels did not affect results on climatological T inversions (Ueno and Yasuda 2005) . Data at depths shallower than 10 dbar were not used. A 10-dbar running mean was applied to each profile to preclude detection of temperature inversions with small vertical scale, which were likely detected in the profiles recently observed by high-resolution CTD profiler.
Line P observation cruises were conducted very frequently during 1970s, five to ten times a year. However, for more than half of the analysis period of 1960-2010, cruises White circles with black frame denote location of offshore part of Line P data (Stations 11-26). Black rectangles denote Region A (52°-60°N, 130°-160°W) and Region B (42°-48°N, 140°-160°W) discussed in Ueno et al. (2007) . Ek and Geo arrows denote southward Ekman transport and eastward geostrophic transport, respectively were conducted less than or equal to 4 times per year. In addition, in some cruises, observations were conducted along just part of the offshore Line P. Therefore, we evaluated seasonal-averaged (winter: January-March; spring: April-June; summer: July-September; and fall: October-December) DT and properties at T max and T min to discuss their decadal variation. In the actual seasonalaveraging procedure, we divided the study area into 5 blocks before evaluating seasonal-averaged DT and T min and T max properties in the study area of 130°-145°W to avoid spatial bias of observation. First, we evaluated seasonal-averaged DT and properties at each block (130°-133°W, 133°-136°W, 136°-139°W, 139°-142°W; and 142°-145°W: e.g., 2nd to 6th columns in Table 1 ) when at least one observation was conducted at each block and season. Second, we evaluated the seasonal-averaged DT and properties over the study area of 130°-145°W (e.g., 7th column in Table 1 ) as the averages of block-averaged values in the same season. Seasonal-averaged values were calculated only when the number of block with observations was more than two, that is, when more than half of the study area was covered. During 2001-2010, when Argo floats also observed the Line P area, both Line P and Argo data were together used. The climatological seasonalaveraged DT and block-averaged DT, evaluated using DT averaged at each block in each season, were 0.19°C in winter, 0.20°C in spring, 0.21°C in summer and 0.20°C in fall, and 0.20°C at 142°-145°W, 0.24°C at 139°-142°W, 0.23°C at 136°-139°W, 0.20°C at 133°-136°W, and 0.15°C at 130°-133°W, respectively, indicating that the seasonal variation was smaller than the spatial variation.
We also used NCEP/NCAR reanalysis monthly net surface heat flux (sum of long-wave, short-wave, latent, and sensible heat fluxes) and wind-stress data area-averaged over the offshore part of Line P (48.5°-50.5°N and 130°-145°W) from 1956 to 2010 (Kalnay et al. 1996) . The NCEP/NCAR reanalysis daily wind-stress data were also used to evaluate area-averaged Ekman upwelling velocity and wind-stress strength (s x 2 ? s x 2 ) 1/2 , where s x and s y are eastward and northward components of wind stress. Delayed-time maps of absolute dynamic topography (ADT) of a merged altimeter satellite product distributed at 7-day intervals by AVISO (http://www.aviso.oceanobs.com; Collecte Localisation Satellites 2011) were used. The ADT spatial resolution is 1/4°9 1/4°, and we used the data from October 14, 1992 to December 29, 2010. From the ADT data, we evaluated the averaged ADT difference between the areas of 50°-52°N, 130°-150°W and 47°-49°N, 130°-150°W, which corresponds to the eastward geostrophic surface velocity in the offshore part of Line P (5°extended to the west from the western edge of Line P to include eastward flow entering to the Line P area).
Linear lag-correlation analysis was conducted between DT and forcing terms (wind-stress, Ekman upwelling, surface heat flux, etc.) to evaluate the relative importance of each forcing term for the formation of T inversion . Since seasonal-averaged DT had data-deficits in some years, we evaluated spring-summer (April-September) averaged DT by a method similar to seasonal-averaged DT evaluation described in the previous paragraph (period was just elongated from 3 to 6 months). As a result, one DT value was obtained for 1 year, and correlation coefficients were calculated with lag-0, half-year-lag, and 1-year-lag forcing terms (Table 2) . Figure 2a shows time-series of DT along the offshore part of Line P. Large DT (larger than 0.34°C = average ? 1 standard deviation) was observed during 1962, 1969-1975, 1989, 1999-2002 and 2007-2010 (yellow-shaded periods in Fig. 2) ; DT changed in mostly decadal time-scale. It is important to note that the DT before 1968 was possibly underestimated due to low vertical resolution of temperature profiles based on reversing-thermometer observations. While we could not find clear relationships between variations of DT and temperatures at T max and T min (Fig. 2a, b) , variations of depths and densities at T max and T min (Fig. 2c, d ) corresponded well to the DT variation. T max and T min were located at relatively shallow depths (less dense layers), mainly at 150-200 and 100-150 m depths (*26.5 and *26.0 kg m -3 ), respectively, during the periods of large DT, but at greater depths (denser layers) during periods of small DT. The correlation coefficients, evaluated from spring-summer averaged data, between DT and T max depth, T min depth, T max density, and T min density were -0.58, -0.62, -0.28, and -0.65, respectively, significant at the 95 % confidence level. The winter mixed layer depth along the offshore part of Line P was reported to be around 100 m (e.g., Suga et al. 2004; Freeland and Cummins 2005) , suggesting that T min was formed through winter mixed layer process during the periods of large DT.
Results
We next discuss the mechanisms of decadal variation of T inversion by comparing DT variability with zonal wind stress, net surface heat flux, and ADT. We chose these three physical quantities based on previous studies. Crawford et al. (2007) indicated that cooling of surface (10-50 m) and subsurface (100-150 m) along the offshore part of Line P corresponded to the relatively strong eastward wind, since eastward wind induced southward Ekman transport and thus provided Line P area with cold water from north of Line P. Ueno et al. (2007) indicated that winter surface cooling and cold subsurface-water transport from the west formed T inversions in the area just southwest of Line P (Region B in Fig. 1b) . As an indicator of subsurface geostrophic zonal velocity, we used meridional ADT difference across Line P, assuming that geostrophic-flow change tendency was similar between the surface and subsurface around Line P area. Figure 2e shows time-series of zonal wind stress, whose positive value indicates southward Ekman transport (Ek arrow in Fig. 1 ). The winter mixed layer north of Line P is cold compared with that along the Line P (e.g., Suga et al. 2004) , suggesting that strong eastward wind stress enhances cold surface water advection from the north and therefore forms strong T inversions . Zonal wind stress was relatively strong during 1960-1976 and 1998-2010, and relatively weak during 1977-1997 , which mostly corresponded to the DT variation that large DT more frequently occurred during 1960-1976 and 1999-2010 . The half-year lag-correlation coefficient between DT and zonal wind stress was 0.40, which was significant at the 99 % confidence level (Table 2 ). This result suggests that stronger zonal winds in previous fall-winter increase southward Ekman transport, which might transport colder surface water to the Line P area and strengthen T inversions along Line P.
As indicated in the previous paragraphs, the period of large DT corresponded to the period of shallow T min and strong zonal wind stress (Fig. 2a, c, e) , which seemingly contradicted our speculation that strong wind induced deeper winter mixed layer thus deeper T min . This contradiction might possibly be explained as follows. During the period of strong zonal wind stress, strong southward Ekman transport as well as wind stirring forms cold T min at the bottom of the winter mixed layer, that is, at the depth of 100-150 m. During the period of weak zonal wind stress, on the other hand, cold T min is not formed at the bottom of the winter mixed layer, and therefore mean T min depth defined in this study tends to be deep due to the detection of small T inversions occurring at the deeper layer. In addition, we examined the time variation of Ekman upwelling and wind-stress strength (Fig. 2f, g ), which might also be expected to influence the depth of T inversion . However, no clear relationship was observed between Ekman upwelling and T inversion depth nor between Ekman upwelling and DT, and strong wind stress did not correspond to deep T min and T max (correlations were nonsignificant at the 90 % confidence level).
The relationship between DT and the other possible formation mechanisms of T inversion (surface cooling (Fig. 2h) and eastward geostrophic advection (Geo arrow in Figs. 1,  2i ) was investigated next. Surface cooling was relatively strong during the periods of 1965-1975 and 1998-1999 , which mostly corresponded to periods of large DT. Among them, surface cooling was particularly strong in 1968-1969 and 1998-1999 , when the 3rd largest and the largest DT were observed, respectively. Correlation coefficients between the DT and surface cooling were 0.33 for half-year lag, which were significant at the 95 % confidence level (Table 2) . These results suggests that surface cooling in the Values underlined indicate that their correlations were significant at the 95 % confidence level. Number of data used for evaluation was 51 for 2nd to 5th columns and was 18 (1994-2010) for 6th column previous fall-winter contributed to the formation of T inversions , although the correlations were weak compared to those with southward Ekman transport. On the other hand, strong eastward geostrophic advection occurred during 2001 -2002 and 2008 ). Both periods corresponded to the large DT period, and the 0 lag-correlation coefficient was 0.53, which was significant at the 99 % confidence level (Table 2 ). This suggests that strong eastward geostrophic advection induces strong T inversions along the line P at least for the period of 1993-2010. 
Conclusions
We investigated the formation and variation of T inversions in the eastern SNP through analysis of hydrographic data measured for 50 years along Line P between the North American west coast and mid Gulf of Alaska as well as data from Argo profiling float observations. Remarkable decadal to inter-decadal variation was found in DT for the first time: DT was relatively large during 1962, 1969-1975, 1989, 1999-2002 and 2007-2010 . This variation was possibly caused by the variation of southward Ekman transport, geostrophic transport from the west and surface cooling.
The results of the present study are consistent with previous studies. Crawford et al. (2007) , who investigated Line P temperature and salinity from 1956 to 2005, reported that surface and subsurface water was relatively cold during the periods of 1964-1976, 1989-1991, and 1999-2004 (see their fig. 5 ), which were similar to the large DT periods of the present study. They further indicated that warming in 1977 was caused by weakening of southward Ekman transport and Ekman upwelling due to wind change associated with Pacific Decadal Oscillation (PDO) and that cooling in 1999 was caused by strengthening of southward Ekman transport due to wind change associated with Victoria mode, also described as the North Pacific Gyre Oscillation (Di Lorenzo et al. 2009 ). In the present study, in addition, large DT is also attributed to cold-water advection due to strong eastward geostrophic flow at least for the period of 1993-2010. This is consistent with the previous studies indicating that anomalously cold subsurface water observed in 2002 along Line P was formed by strong eastward geostrophic flow (e.g., Freeland et al. 2003; Crawford et al. 2005) .
The formation mechanism of T inversions along offshore Line P in the present study was a combination of those for north of Line P (north of 52°N: surface cooling) and for south of Line P (42°-48°N: mainly eastward geostrophic advection) (Ueno et al. 2007 ). For example, for strong T inversions during 1999-2002, the former half corresponded to strong surface cooling and southward Ekman transport and the latter half corresponded to strong eastward geostrophic flow, suggesting that all three factors contributed to the formation of T inversions in the offshore Line P area.
